Hydroxyapatite (HAp) precursors were prepared by chelation of calcium ions with organic phosphonic acid by using calcium nitrate hydrate (Ca(NO3)2·4H2O) and 2-phosphonobutane-1.2.4-tricarboxylic acid (C7H11PO9; PBTA) in distilled water in the temperature range of 60-130°C. HAp powder was then synthesized by heating the precursors at various temperatures. HAp precursors were pectized in a three-step reaction. First, calcium ions were chelated with carboxyl groups in PBTA in an early reaction. Second, chelation of calcium ions with phosphonic acid and/or the dehydrated condensation of carboxyl groups with phosphonic acid occurred at and above 80°C. Finally, dehydrated condensation of carboxyl groups proceeded in the range of 100-130°C. The homogeneity of the HAp precursors improved with an increase in their preparation temperature, which accelerated gelation. Powder obtained after heating the HAp precursor prepared at 130°C (preHAp-130) had a single crystalline HAp phase at 1000°C. In addition, the crystallization temperature of preHAp-130 was 200°C, which was lower than that of HAp precursors prepared using other polymerized complex methods. Powder obtained by heating HAp precursors at and below 800°C contained carbonate apatite, in which carbonate ions replaced hydroxyl and phosphate sites in the HAp crystal lattice. The Ca/P molar ratio of the HAp powder was higher than that in the stoichiometric composition of HAp (Ca/P = 1.67), because the organic components of the HAp precursors were not pyrolyzed; however, the powder obtained by heating preHAp-130 at 1000°C had stoichiometric HAp composition due to the thermal decomposition of the precursors. The particle size of the HAp powder prepared by heating preHAp-130 decreased with an increase in the heating temperature, and when the HAp particles were heated at and above 800°C, a three-dimensional network with micro and nanopores was formed.
Introduction
Hydroxyapatite (HAp: Ca10(PO4)6(OH)2), a major component of hard tissue, has been used as a biomaterial in artificial bone, dental implants, artificial joints, and so on. This is because the material has excellent biocompatibility and osteoconductivity and can promote cellular functions and expressions.
1)-4) In addition, because of its adsorption and ion exchange properties, HAp has been used as an industrial material in various applications, for example, as an ion exchanger for environmental cleanup and adsorption separation of biomacromolecules.
3) Since some applications of HAp are affected by its crystallinity and particle size and shape, it is necessary to control its characteristics. In order to achieve this, it is essential to study the synthetic conditions for HAp.
Solid phase and liquid phase methods are used to synthesize HAp. 5) In the case of solid phase methods, high reaction temperatures and prolonged reaction times are necessary, and these methods are unsuitable for controlling particle size and shape; in particular, they are useful for preparing fine crystalline grains.
5)-7) On the other hand, liquid phase methods make it possible to control particle size and shape by adjusting the synthetic conditions. In several studies, plate-like, needle-like, and spheral (hollow) HAp particles have been synthesized by the precipitation method, hydrothermal method, and evaporative decomposition method, respectively. 5),8)-11) However, HAp prepared by these methods tends to have an inhomogeneous composition, e.g., calcium-deficient apatite (Ca10-x(HPO4)x(PO4)6-x(OH)2-x).
5)-8)
The polymerized complex method, which is a liquid phase method involving the thermal treatment of a polymer gel with metal ions, is an excellent method for preparing highly pure and homogeneous ceramic powder. This is because the method results in the homogeneous dispersion and reaction of metal ions at the atomic level in solution.
6),7),12),13) Takahashi et al. synthesized HAp powder with a stoichiometric composition by the polymerized complex method using calcium nitrate hydrate (Ca(NO3)2·4H2O), citric acid, and phosphonoacetic acid. 13) However, this method involved the use of large amounts of organic material and a high temperature for decomposing the calciumcitric acid complex in the HAp precursor.
In this study, using Ca(NO3)2· 4H2O and 2-phosphonobutane-1.2.4-tricarboxylic acid (C7H11PO9; PBTA), which is a watersoluble chelating agent that directly binds calcium ions, HAp JCS-Japan precursors were synthesized in distilled water by chelating calcium ions with phosphonic acid. In this method, there is no need to use excess organic materials such as citric acid as complexing agents; in addition, the formation of a stable calcium complex is not necessary. Further, the gel mechanism for HAp precursors was investigated, and powder obtained by heating the precursors was characterized.
Experimental procedure

Preparation of HAp powder
HAp precursors were prepared using Ca(NO3)2·4H2O (Kishida Chemical Co., Ltd., Osaka) and 50 mass% PBTA (K·I Chemical Industry Co., Ltd., Shizuoka) as starting materials. First, 66.7 mmol Ca(NO3)2·4H2O and 40.0 mmol PBTA were dissolved in distilled water (50 ml) to yield a Ca/P molar ratio of 1.67, which is the stoichiometric composition of HAp. The mixture was stirred while heating at 60, 80, 100, and 130°C for 3 h to obtain the HAp precursors, which were named preHAp-60, preHAp-80, preHAp-100, and preHAp-130, respectively. These precursors were then heated at 200, 300, 600, 800, and 1000°C, respectively, for 5 h in air.
Characterization
The crystalline phases of the HAp precursors and the powder prepared by heating the HAp precursors were characterized using an X-ray diffractometer (XRD: RAD-2C, Rigaku Co., Tokyo). Qualitative analyses of the HAp precursors and powder were carried out using a Fourier transform infrared spectrophotometer (FT-IR; FT/IR-230, JASCO Co., Tokyo) by the KBr pellet sampling technique.
In order to elucidate the gel reaction mechanism for HAp precursors, 31 P nuclear magnetic resonance ( 31 P-NMR) was measured using a nuclear magnetic resonance spectrophotometer (AVANCE 400, Bruker Biospin, Rheinstetten, Germany, operated at 25.9 MHz and 256 scans) using 85% phosphoric acid (Kishida Chemical Co., Ltd.) as the external standard. The measurement samples were prepared by dissolving the HAp precursor (0.05 mg) in a mixture of distilled water (0.3 ml) and deuterium oxide (0.3 ml, D2O, MERCK & Co., Inc., Darmstadt, Germany).
Quantitative analyses of Ca 2+ ions and PO4 3-ions in HAp precursors and powder were carried out using an atomic absorption spectrophotometer (AA-6200, Shimadzu Co., Tokyo, Japan) and by a molybdenum blue method using a UV-visible spectrophotometer (UV-1600, Shimadzu Co.) after the samples were dissolved in 0.6% nitric acid (Kishida Chemical Co., Ltd.).
The particle size distribution of the powder prepared by heating preHAp-130 at various heating temperatures was measured using a laser diffraction particle size analyzer (SALD-7000, Shimadzu Co.). The measurement samples were prepared by dissolving 0.1 g of the powder in 0.2% sodium pyrophosphate solution (500 ml) as the solvent.
The morphology of the powder obtained by heating preHAp-130 was observed using a field emission scanning electron microscope (FE-SEM: S-4700, Hitachi High Technologies, Co., Tokyo) operating at 10 kV. Prior to FE-SEM observations, the specimens were sputter-coated with Au. Figure 1 shows XRD patterns of HAp precursors prepared by heating mixtures of Ca(NO3)2 and PBTA in distilled water at various temperatures. In the XRD pattern of preHAp-60, an unknown crystalline substance was observed, and it is considered that a calcium compound was formed by the reaction of Ca 2+ ions and water or carbon dioxide in air. In contrast, HAp precursors prepared at and above 80°C (preHAp-80, preHAp-100, and preHAp-130) were amorphous substances showing broad XRD patterns.
Results and discussion
Gel reaction mechanism for HAp precursors
FT-IR spectra of HAp precursors are shown in Fig. 2 . In FT-IR spectra of HAp precursors prepared in the range of 100-130°C (preHAp-100 and preHAp-130), bands were observed at 1855 and 1776 cm -1 , and these were attributed to the formation of a chain acid anhydride (-C(O)·OC(O)-). This result indicates that the acid anhydrides were formed via dehydrated 
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condensation of carboxyl groups in PBTA in the range of 100-130°C. In addition, all the FT-IR spectra showed bands at 1354 and 829 cm -1 , which corresponded to HNO3 or dinitrogen pentoxide (N2O5), indicating that HAp precursors prepared in the temperature range of 60-130°C contained NO3 -ions from Ca(NO3)2. Figure 3 shows 31 P-NMR spectra of the HAp precursors. Although the peak attributed to P-O-H groups appeared at 4 ppm in the 31 P-NMR spectrum of preHAp-60, the peak did not appear at and above 80°C (preHAp-80, preHAp-100, and preHAp-130). These results suggest that at and above 80°C, a Ca-phosphonic acid complex was formed via the chelation of Ca 2+ ions from Ca(NO3)2 with the phosphonic acid in PBTA and/ or via the dehydrated condensation of phosphonic acid with carboxyl groups in PBTA. In the 31 P-NMR spectrum of preHAp-130, a new peak was observed at around -10 ppm because NO2 + ions from N2O5 approached phosphonic acid groups. From these results, it can be construed that in the Ca(NO3)2-PBTA-H2O system, HAp precursors were pectized via a three-step reaction occurring as follows:
(1) First, calcium ions of Ca(NO3)2 were chelated with the carboxyl groups in PBTA, which is a chelating agent, in an early reaction, as shown by the dotted line in Fig. 4 .
(2) Second, at and above 80°C, the chelation of calcium ions with phosphonic acid groups in PBTA and/or the dehydrated condensation of phosphonic acid groups with carboxyl groups in PBTA occurred, as shown by the dashed line in Fig. 4. (3) Finally, in the range of 100-130°C, an acid anhydride was formed by the dehydrated condensation of carboxyl groups, as shown by the chain double-dashed line in Fig. 4 .
Furthermore, the HAp precursors formed through this mechanism at and above 80°C were amorphous substances, as shown in Fig. 1 . Figure 5 shows the XRD patterns of powder prepared from preHAp-80 and preHAp-130. HAp crystallized from preHAp-130 at and above 200°C, whereas it crystallized from preHAp-80 at and above 600°C. The crystallinities of the powder synthesized from 
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both precursors increased with the heating temperature. The crystalline phase of the samples after heating preHAp-130 at 1000°C consisted of a single HAp phase, whereas that of the powder obtained from preHAp-80 at 1000°C was β-tricalcium phosphate (β -TCP) + CaO, which is formed when the Ca/P molar ratio is lower and greater than 1.67, along with HAp. These results indicate that preHAp-130 had excellent homogeneity because gelation was enhanced by the chelation of calcium ions with phosphonic acid and carboxylic acid groups and by the formation of an acid anhydride, as described above. In addition, preHAp-130 could be prepared in a shorter time, and HAp crystallized at a temperature lower than the crystallization temperatures of HAp powder prepared by other polymerized complex methods, as shown in Table 1 .
14)-17)
FT-IR spectra of the powder prepared from preHAp-80 and preHAp-130 at various temperatures are shown in Fig. 6 : PO4 3-ion concentration, rhombus: Ca 2+ ion concentration, triangle: Ca/P molar ratio of the powder after heating at each temperature, and circle: Ca/P molar ratio of the powder after reheating at 1000°C. . In contrast, those of type B carbonate apatite (CAp(B): Ca10-x/2(PO4)6-x(CO3)x(OH)2), in which PO4 sites are substituted with CO3 2-ions, appear at 1455, 1430, or 1415 cm -1 ; and at 864 or 872 cm -1 . 18) Therefore, the powder prepared in this study consisted of CAp substituted CO3
2-ions at PO4 and OH sites in the HAp crystal structure. In addition, the absorption intensity of CO3 2-ions decreased with an increase in the heating temperature, and the intensity became zero at 1000°C; however, the number of bands attributed to the hydroxyl groups increased. This result indicates that decarboxylation was enhanced at higher temperatures, and it supports the fact that the XRD patterns of the powder obtained by heating preHAp-130 up to 800°C shifted slightly as compared to those of powder heated at 1000°C. Figure 7 shows the Ca/P molar ratio of the powder prepared from preHAp-130 as a function of the heating temperature. The number of PO4 3-ions increased with the temperature, whereas the concentration of Ca 2+ ions remained constant at and above 200°C. These results suggest that the phosphorus atoms in the HAp precursors retain the phosphonic acid structures (-C-PO3 2-) at low temperature, because the phosphorus atoms in these structures could not be detected by the molybdenum blue method. However, the Ca/P molar ratio of all the powder after reheating them at 1000°C is 1.67, which is the stoichiometric composition of Ca and P in HAp. This result indicates that the Ca/P molar ratio of the powder prepared from preHAp-130 was constant at 1.67. In addition, the Ca/P molar ratio decreased with an increase in the temperature, and that of the samples heated at 1000°C was also 1.67. This is because the concentration of PO4 3-ions increased to the stoichiometric composition of almost 56.7 mass%, due to the thermal decomposition of phosphonic acid to PO4 3-ions.
3.2.2 Morphology and particle size of powder obtained by heating HAp precursors Changes in the maximum, minimum, and average particle sizes of preHAp-130 and the powder obtained after heating at various temperatures are shown in Fig. 8 . The particle size of the samples decreased with an increase in the temperature and showed a wide distribution.
FE-SEM micrographs of these samples are shown in Fig. 9 . PreHAp-130 was an amorphous aggregate; the powder obtained at 600°C was agglutinated with nanosized particles (20-50 nm) and formed layers with approximately 10-50 nm nanopores among particles. In the case of the powder obtained after heating at 800°C, the particles formed a three-dimensional network with submicrometer pores (100-500 nm) and nanopores (10-50 nm) among particles. In addition, each particle had a greater number of small pores (< 10 nm). These results indicated that the powder had a cross-linked structure with micropores, which were formed by the chelation of calcium ions with phosphonic acid groups and carboxylic acid groups and by the formation of an acid anhydride by the dehydrated condensation of the phosphonic acid groups and carboxyl groups, regardless of the thermal decomposition of the organic constituent.
Conclusions
As a new synthetic method for hydroxyapatite (HAp), the polymerized complex method was used to prepare HAp precursors by using calcium nitrate hydrate (Ca(NO3)2·4H2O) and 2-phosphonobutane-1.2.4-tricarboxylic acid (C7H11PO9, PBTA). Then, powder was synthesized by heating the HAp precursors at various temperatures. In addition, the gel formation mechanism for HAp precursors was investigated, and the powder obtained by heating these precursors at different temperatures was characterized. 
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HAp precursors were pectized via a three-step reaction. First, calcium ions chelated with carboxyl groups in PBTA in an early reaction. Then, the chelation of calcium ions with phosphonic acids and/or dehydrated condensation between phosphonic acids and carboxyl groups proceeded at and above 80°C. Finally, the dehydrated condensation of carboxyl groups occurred in the range of 100-130°C.
The powder synthesized from the HAp precursor prepared at 130°C (preHAp-130) crystallized at and above 200°C, which is lower than the crystallization temperature of HAp precursors obtained by other polymerized complex methods. These powder comprised carbonate apatite (CAp) when prepared at and below 800°C, and they comprised a single HAp phase when prepared at 1000°C, because of the desorption of CO3 2-ions in CAp. The Ca/P molar ratio of the powder prepared from preHAp-130 was contant at 1.67, which is the stoichiometric composition of HAp.
The particle size of the powder decreased with an increase in the temperature, due to the thermal decomposition of the organic component. The morphology of the powder after heating at and above 800°C was a three-dimensional network with micro and nanopores among the particles. HAp powder with micro and nanopores has not yet been reported. It is possible to synthesize them by a simple process with a smaller amount of organic substance than that required for other polymerized complex methods. Therefore, they have wide applications, for example, in scaffold preparation for tissue engineering and in the preparation of industrial adsorption agents.
